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Figure 1. Mechanism of Pore Formation by
Actinoporins
(A) Toxin monomers bind to the membrane
surface by an aromatic rich surface (blue).
(B) The N-terminal segment with amphipathic
helix (red) dislocates from the sandwich core
and anchors into the membrane-water interface,
exposing polar residues toward solution.
(C) After aggregation of four monomers, a transmembrane funnel-shaped pathway is set up by lipid headgroups and helices, exposing side
chains of acidic amino acids (yellow) in the lumen of the toroidal pore. Residues 1–10 are not shown.
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drion for assembly of CcO is unknown. As Cu deliveryLet’s Sco1, Oxidase! Let’s Sco!
to Sod1 and the P-type ATPase transporters is protein
mediated, the prediction is that Cu insertion into nascent
CcO chains will also be protein mediated. Although Sco1
The solution structure of Sco1 from Bacillus subtilis is not a copper shuttle analogous to Atx1 and CCS, it
is the first structure of a protein important in the as- is postulated to function as a cometallochaperone in
sembly of cytochrome c oxidase (CcO). The assembly the insertion of Cu into CcO. Mammalian CcO consists
of CcO requires the insertion of multiple cofactors. of a 13 subunit complex embedded within the IM. Three
Sco1 is a conserved protein implicated in formation core subunits of the complex, Cox1-3, are encoded by
of the binuclear CuA center. the mitochondrial genome, whereas the remaining 10
subunits are nuclear encoded. Copper ions exist in two
Copper is an essential nutrient serving as a cofactor CcO centers designated CuA and CuB enfolded by two
in numerous redox enzymes and enzymes involved in mitochondrial-encoded subunits (Tsukihara et al., 1995).
oxidative reactions. Copper ions are shuttled to sites of The CuA center in Cox2 is a binuclear center within a
utilization by protein-mediated transfer reactions involv- domain that protrudes into the soluble intermitochon-
ing metallochaperones (Huffman and O’Halloran, 2001; drial membrane space (IMS). This domain is the docking
Rosenzweig, 2001). Copper transfer is mediated by pro- site for cytochrome c for electron transfer to the CuA
tein:protein interactions between the metallochaperone center. The CuB center is buried within Cox1 forming a
and the respective target molecule. Copper insertion binuclear site with one of the two heme A cofactors.
into the Cu,Zn-superoxide dismutase (Sod1) requires Copper metallation of CcO involves at least three pro-
the function of the CCS metallochaperone. Secretory teins, Sco1, Cox11, and Cox17. Cox17 is implicated in
cupro-enzymes are metallated within post-Golgi vesi- the delivery of copper ions to the mitochondrion,
cles by copper ions translocated across the membrane whereas Sco1 and Cox11 are believed to be cometallo-
by P-type ATPases. Cu(I) ions are presented to the chaperones assisting Cox17 in the metallation of CcO
ATPase translocase by the Atx1 metallochaperone. Atx1 (Carr and Winge, 2003). Cox11 appears to be specific
and CCS share a conserved structural motif that is the for CuB site formation. Sco1 was first implicated in Cu
Cu(I) binding domain. The Cu(I) binding site is near the delivery to CcO by the observation that the respiratory-
surface of the protein being partially solvent shielded, deficient phenotype of a cox17 yeast mutant can be
allowing access for the target molecule yet protection suppressed by overexpression of SCO1 or a related
for the cell (Arnesano et al., 2002). The metallochaperone gene designated SCO2 (Glerum et al., 1996). Sco1 and
data suggest that individual molecules exist for the load- Sco2 are highly similar yeast proteins associated with
ing of cupro-enzymes. the mitochondrial IM. Both proteins contain a single
A major cupro-enzyme is cytochrome c oxidase (CcO), transmembrane helix anchoring a soluble domain that
which resides within the mitochondrial inner membrane projects into the IMS. Yeast cells lacking Sco1, but not
Sco2, are respiratory deficient and show diminished(IM). The mechanism of Cu(I) routing to the mitochon-
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CcO activity. Two SCO genes, HsSCO1 and HsSCO2, the Atx1:Ccc2 ATPase interaction. Complex formation
are essential in humans. The defective CcO activity in between the two proteins may bring the Cu(I) ion in an
HsSCO2 patient myoblasts was rescued by the addition exposed loop of Sco1 in close juxtaposition for ligand
of exogenous copper to the culture medium (Jaksch et exchange reactions to drive the Cu(I) ion to Cox2. CuA
al., 2001). site formation requires two Cu ions in the center. Since
The working model of copper ion insertion in eukary- Sco1 binds only a single Cu(I) ion, two successive dock-
otic CcO is that Sco1 mediates the transfer of Cu(I) ions ing and exchange reactions may be required for forma-
from Cox17 to Cox2 forming CuA, and Cox11 mediates tion of the binuclear center. Within the CuA center, the
the transfer of Cu(I) to Cox1 forming CuB. In support two Cu ions are bridged by two Cys residues within a
of this model, both Sco1 and Cox11 are Cu(I) binding CxxxC motif, similar to part of the Cu binding site in
proteins (Carr and Winge, 2003). A conserved histidine Sco1. These Cys residues in Cox2 may mediate the
and two conserved cysteine residues in CxxxC motif are ligand exchange reactions.
essential for Sco1 function and Cu(I) ligation. In addition, As shown in the paper, Sco1 can bind Cu(II) in addition
Sco1 is known to interact with Cox2 in vitro (Lode et al., to Cu(I). However, the identity of the additional ligands
2000). and significance of Cu(II) binding are unknown. Interest-
Data supporting a role for Sco1 in CuA site formation ingly, the structurally related peroxiredoxins have thiol-
in CcO comes from Bacillus subtilis. This organism con- disulfide oxidoreductase activity, so oxidation of Cys
tains two related terminal oxidases, one of which is a residues in Sco1 may promote copper ion transfer to
cytochrome c oxidase with the same heme and copper Cox2.
cofactor requirements as eukaryotic CcO. The second
oxidase is the menaquinol oxidase that contains the
Dennis R. WingeCuB center but not the CuA center and does not use
Departments of Biochemistry and Medicinecytochrome c as a reductant. Deletion of the Sco1 ho-
University of Utah Health Sciences Centermolog BsSco1 (ypmQ) results in loss of CcO activity but
Salt Lake City, Utah 8413not menaquinol oxidase activity (Mattatall et al., 2000).
CcO activity is also restored in the null mutant by the
addition of exogenous copper to cultures.
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